Abstract. The aim of this study was to assess whether hypoxia inhibits endothelial nitric oxide synthase (eNOS) activity and nitric oxide (NO) production, and whether iptakalim may rescue human pulmonary artery endothelial cells (HPAECs) from hypoxia-induced NO system dysfunction. HPAECs were cultured under hypoxic conditions in the absence or presence of 0.1, 10 and 1,000 µM iptakalim or the combination of 10 µM iptakalim and 1, 10 and 100 µM glibenclamide for 24 h, and the eNOS activity and NO levels were measured in the conditioned medium from the HPAEC cultures. The eNOS activity and NO levels were reduced significantly in the conditioned medium from HPAEC cultures under hypoxic conditions. Pre-treatment with 10 µM iptakalim normalized the reduction of the eNOS activity and NO levels caused by hypoxia in the conditioned medium from HPAEC cultures. Iptakalim raised the eNOS activity and NO levels under hypoxic conditions, but was blocked by the K ATP channel blocker, glibenclamide. Our results indicate that hypoxia impairs NO system function, whereas the ATP-sensitive K + channel opener, iptakalim, may rescue HPAECs from hypoxia-induced NO system dysfunction.
Introduction
Pulmonary hypertension (PH) is a progressive, often fatal disease that is caused by increased pulmonary vascular resistance (PVR), which is involved in complex processes, including abnormal vascular wall remodeling, vasoconstriction and thrombosis (1, 2) . According to the 2008 WHO classification, PH may be categorized as pulmonary arterial hypertension (PAH), PH due to left heart disease, PH due to chronic lung disease and/or hypoxia, chronic thromboembolic pulmonary hypertention and miscellaneous forms (3) . Among these, hypoxic pulmonary hypertention (HPH) has higher morbidity and mortality. HPH is caused by excessive vasoconstriction and remodeling regulated by endothelial dysfunction. The endothelial cells modulate the activity of smooth muscle cells by producing vasodilators, such as prostacyclin and nitric oxide (NO), and vasoconstrictors, such as thromboxane A2 and endothelin-1 (ET-1). Endothelial dysfunction is a condition in which the physiological balance between vasodilator stimuli and vasoconstrictor substances is shifted towards the latter (4, 5) ; this state has been clearly shown in PH (6) . NO has gained attention as a significant mediator of PH by virtue of its ability to produce factors that regulate blood flow and vascular tone. NO is a potent endothelium-derived vasorelaxant substance and an inhibitor of smooth muscle cell growth. The main function of NO is to relax pulmonary vascular smooth muscle cells and inhibit the pulmonary artery smooth muscle cells (PASMCs) proliferation (7) . The decrease of NO production and release under hypoxic conditions may promote the development of HPH and pulmonary vascular remodeling. Therefore, to protect endothelial function and promote the production of NO, the therapeutic strategy for HPH is crucial.
The release of NO from pulmonary artery endothelial cells mainly depends on the intercellular concentration of Ca 2+ , which increases by hyperpolarization. Since endothelial cells do not express voltage-dependent Ca 2+ channels, Ca 2+ influxes following receptor activation may be facilitated by cell hyperpolarizations mediated by the activation of K + channels (6). An increasing number of studies have shown that the endothelial cell hyperpolarization is mainly controlled by specific ATP-sensitive K + (K ATP ) channels. Consequently, K ATP channels may play a key role in generating the electrical activity of endothelial cells and have profound effects in regulating the endothelial function (8) . However, it is unclear whether the activation of K ATP channels promotes NO release by increasing the intercellular concentration of Ca 2+ . Iptakalim, a lipophilic para-amino compound with a low molecular weight, has been demonstrated to be a new selective K ATP channel opener via pharmacological, electrophysiological and biochemical studies, and a receptor binding test (9, 10 arterial disorders in PH (11) . Moreover, an animal study showed that the activation of K ATP channels by iptakalim can enhance NO release in bovine aortic endothelial cells (BAECs) under normoxic conditions (12) . However, it is unclear whether iptakalim also protects human pulmonary artery endothelial cells (HPAECs) from hypoxia. In the present study, to assess whether hypoxia inhibits endothelial nitric oxide synthase (eNOS) activity and NO production, and whether iptakalim can rescue HPAECs from hypoxia-induced NO system dysfunction, HPAECs were cultured under hypoxic conditions in the absence or presence of 0.1, 10 and 1,000 µM iptakalim or the combination of 10 µM iptakalim and 1, 10 and 100 µM glibenclamide for 24 h; the eNOS activity and NO levels were measured in the conditioned medium from the HPAEC cultures. HPAEC cultures. HPAECs were purchased from ScienCell (San Diego, CA, USA). The cells were routinely maintained in cell culture medium (ScienCell) at 37˚C in a humidified atmosphere containing 5% CO 2 . The third-to sixth-passage cultures were then seeded onto glass-bottom culture dishes (Corning Inc., NY, USA) and allowed to reach subconfluence in 2-3 days.
Materials and methods

Drugs
Hypoxic experiments. For the hypoxic experiments, cell cultures were placed in a modular incubator chamber (Billups-Rothenberg, Del Mar, CA, USA), where the hypoxic gas mixture (95% N 2 , 5% CO 2 ) was pre-analyzed and infused into airtight incubators with in-flow and out-flow valves at a flow rate of 3 l/min for 15 min to attain a 2% O 2 level. The airtight chamber containing the cell cultures was incubated for periods of up to 24 h at 37˚C. For the normoxic cultures, the third-to sixth-passage HPAECs were cultured for 24 h in cell culture medium at 37˚C in a humidified atmosphere containing 21% O 2 and the medium was collected for assay of NO and eNOS. The third-to sixth-passage HPAECs were cultured under hypoxic conditions in the absence or presence of 0.1, 10 and 1,000 µM iptakalim or the combination of 10 µM iptakalim and 1, 10 and 100 µM glibenclamide for 24 h; the eNOS activity and NO levels were measured in the conditioned medium from the HPAEC cultures.
Measurement of NO and eNOS. HPAEC production of NO was determined indirectly in HPAEC supernatants. Due to its instability in physiological solutions, the majority of the NO is rapidly converted to nitrite (NO 2- ) and further to nitrate (NO 3- ). Therefore, the levels of NO 2-/NO 3-in the culture medium were analyzed by a commercially available NO detection kit (Beyotime Institute of Biotechnology, China) according to the manufacturer's instructions. Briefly, nitrate was converted to nitrite with aspergillus nitrite reductase, and the total nitrite was measured with the Griess reagent. The absorbance was determined at 540 nm with a spectrophotometer (13). The eNOS activity was measured using a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions provided by the manufacturer.
Statistical analysis. Each test was performed and was then repeated six times. Data were expressed as the means ± SD. Comparisons of the measurement data between multiple groups were performed using the one-way ANOVA test. The statistical process was performed with SPSS 12.0 software. Probability values were considered to indicate a statistically significant difference at P<0.05.
Results
Effect of hypoxia on eNOS activity and NO production in
HPAECs. To determine whether hypoxia affected eNOS activity and NO production in HPAECs, the cells were cultured for 24 h under hypoxic or normoxic conditions, then the medium was collected to measure NO levels and eNOS activity. The results showed that eNOS activity and NO levels were reduced significantly in the conditioned medium from HPAEC cultures under hypoxic conditions compared to the cultures under normoxic conditions (Fig. 1) .
Effect of iptakalim on eNOS activity and NO production in
HPAECs under hypoxia. To determine whether the treatment with iptakalim antagonized a hypoxia-induced reduction of eNOS activity and NO production in HPAECs, the cells were pre-treated with 0.1 or 10 or 1,000 µM iptakalim for 1 h prior to hypoxia and cultured under hypoxia conditions for 24 h, and eNOS activity and NO levels were measured in the conditioned medium from the HPAEC cultures. The results showed that eNOS activity and NO levels were increased significantly in the conditioned medium from HPAEC cultures pre-treated with 10 or 1,000 µM iptakalim compared to those from hypoxic cultures alone and were the same or even higher than the levels of the normoxic cultures (Fig. 2) . However, eNOS activity and NO levels were not raised significantly in the the conditioned medium from HPAEC cultures pre-treated with 0.1 µM iptakalim.
Effect of glibenclamide on eNOS activity and NO production in HPAECs pre-treated with iptakalim under hypoxia.
To further assess whether iptakalim increases eNOS activity and NO levels through the activation of the K ATP channel, the cells were pre-treated with 1.0 or 10 or 100 µM glibenclamide, a K ATP channel blocker, for 1 h prior to the addition of 10 µM iptakalim, and were cultured under hypoxia conditions for 24 h; eNOS activity and NO levels were measured in the conditioned medium from the HPAEC cultures. The treatment of glibenclamide alone did not alter eNOS activity and NO levels in the conditioned medium from the HPAEC cultures under normoxic or hypoxic conditions (data not shown). However, the increased eNOS activity and NO levels induced by the pre-treatment with 10 µM iptakalim in the conditioned medium from the HPAEC cultures were blocked completely by the pre-treatment of 10 or 100 µM glibenclamide. However, eNOS activity and NO levels were not blocked completely in the conditioned medium from the HPAEC cultures pre-treated with 1.0 µM glibenclamide (Fig. 3) .
Discussion
In the present study, we found that the eNOS activity and NO levels were reduced significantly in the conditioned medium from the HPAEC cultures under hypoxic conditions. Previous studies have shown that the release of NO is decreased in bovine aortic and pulmonary endothelial cells and human umbilical vein endothelial cells (HUVECs) by hypoxia (13, 14) . It has also been shown that eNOS activities decrease in bovine and human endothelial cells exposed to chronic hypoxia (15) (16) (17) (18) . However, hypoxia has been found to increase the formation of NO and its products in cultured coronary endothelial cells (19) (20) (21) (22) . The differences in the NO release under hypoxic conditions may be due to the endothelial cell type and duration of hypoxic exposure. Our results indicate that hypoxia may impair NO system function in HPAECs.
NO is an endogenous vasoactive compound that contributes to pulmonary vascular homeostasis and is produced by three NOS isoforms: Neuronal NOS (nNOS), inducible NOS (iNOS) and eNOS. Though all these NOS isoforms are present in the lung, it was thought that eNOS-derived NO plays a significant role in modulating pulmonary vascular tone and attenuating PH (23) . The vasorelaxation of smooth muscle cells may be achieved by the release of NO from endothelial cells in response to various stimuli (24) , and the ability of the endothelium to produce NO is essential for the maintenance 
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of vascular homeostasis. Reduced endothelium-derived NO production in pulmonary arterial vessels has been implicated in the pathophysiology of PH. It has been confirmed that NO synthase expression is reduced in pulmonary endothelial cells from patients suffering from PAH (25) .
It has been shown that the synthesis of NO is Ca 2+ -dependent (constitutive form). The Ca 2+ influx in endothelial cells is controlled by the membrane potential (26) . K ATP channels are present in endothelial cells of the vascular system (6, 27) and are responsible for maintaining the resting potential of endothelial cells and modulating the release of vasoactive compounds. Thus, K ATP channels may play a key role in generating the electrical activity of endothelial cells and have profound effects on endothelial function. In fact, pinacidil, a K ATP channel opener, has been shown to cause an increase of Ca 2+ influx in rat aorta and brain microvascular endothelial cells (6) . Iptakalim, a new compound of the potassium channel opener class, is a promising drug undergoing Phase II clinical trials to treat pulmonary hypertension (28) . By opening the K ATP channels in vascular smooth muscle cells, iptakalim induces membrane hyperpolarization, relaxing the vessels and reducing blood pressure.
We previously found that iptakalim antagonized the vascular contraction evoked by ET-1 in isolated rat aorta rings (29, 30) . It was also found that iptakalim increased the intercellular concentration of Ca 2+ and promoted the NO production in BAECs under normoxic conditions. Since the decreased eNOS/NO activities have been implicated in the vascular remodeling and endothelial dysfunction observed in the hypertensive models, opening the endothelial K ATP channels may have protective effects on endothelial functions under hypoxic conditions and have certain therapeutic functions in HPH. Indeed, in the present study, we found that iptakalim increased the NO production and eNOS activity in HPAECs under hypoxia conditions. Glibenclamide, a K ATP channel blocker, blocked the increased NO levels and eNOS activity caused by iptakalim under hypoxic conditions. These results demonstrate that the effect of iptakalim on NO production and eNOS activity in HPAECs under hypoxic conditions occurs through the activation of the K ATP channel.
In conclusion, our results indicate that hypoxia impairs the NO system function, whereas the ATP-sensitive K channel opener, iptakalim, rescues HPAECs from hypoxia-induced NO system dysfunction. Combined with previous findings where iptakalim not only reduced the blood pressure indefinitely, but also antagonized the proliferation of human PASMCs induced by ET-1 through the activation of K ATP channels. Our results show that iptakalim may be effective in the treatment of PAH by reversing human PASMCs remodeling and protecting HPAEC functions. Perhaps it should be considered as a promising drug for the treatment of PH.
